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Abstract 
Flaring produced natural gas is a common practice worldwide for disposing of high CO2 content produced gas. This has severe 
environmental implications. Several other methods have been used for produced CO2/gas disposal including storage in a 
depleted oil reservoir or underground aquifer and gas injection in the same/separate fields, but flaring is still prevalent. 
The primary focus of the current study was to assess different options available for disposal of high CO2 content produced 
gas with respect to their impact on the estimated ultimate recovery (EUR) of an undersaturated, low GOR sandstone reservoir 
containing waxy and moderately viscous crude oil using fully compositional simulations. These options include water 
alternating gas/CO2 (WAG/WACO2), produced gas reinjection with/without water injection and carbonated water injection 
(CWI). One of the secondary purpose of the study were to present a methodology to select the best process to avoid flaring and 
improve recovery for similar fields while reducing time spent on simulation. Another objective was to report the results of 
field-scale simulation study results for CWI. The study involved PVT modelling for reservoir fluid characterization, slimtube 
experiment simulation for minimum miscibility pressure (MMP) determination and using one-dimensional (1D) and three-
dimensional (3D) sector simulations to screen out available options on the basis of displacement and sweep efficiencies before 
conducting full-field simulation studies for final process selection. 
1D and 3D sector model studies established CWI as the best method for CO2 disposal in the field. Full-field simulation 
studies conducted for CWI using different well patterns established edge CWI as the optimum process providing ~8% 
incremental EUR over field development plan (FDP) envisaged recovery. Sensitivity analysis conducted showed no 
detrimental impacts of carbonated water on recovery from the field. This study establishes CWI as an effective enhanced oil 
recovery (EOR) and carbon capture and storage (CCS) method with the 1D simulation studies successfully predicting the CWI 
displacement mechanisms observed in core studies. This method can be used for similar fields to avoid flaring of produced 
gas. 
The primary focus of the current study was to assess different options available for disposal of high CO2 content produced 
gas with respect to their impact on the estimated ultimate recovery (EUR) of an undersaturated, low GOR sandstone reservoir 
containing waxy and moderately viscous crude oil using fully compositional simulations. These options include water 
alternating gas/CO2 (WAG/WACO2), produced gas reinjection with/without water injection and carbonated water injection 
(CWI). Other purposes of the study were to present a methodology to select the best process to avoid flaring while improving 
recovery from similar fields as wells as report the results of field-scale simulation study results for CWI . 
A 5-component equation of state (EOS) was tuned for the reservoir fluid description considering the CO2 solubility. One 
dimensional (1D) simulation studies of the slimtube experiment were done to estimate the minimum miscibility pressures 
(MMP) for the CO2 and produced gas. 1D simulation studies at reservoir conditions were conducted to determine the 
displacement efficiency and screen out options with recovery less than waterflood (WF).  
Three-dimensional (3D) simulation studies were conducted on a sector model for selected options with varying well 
locations for further screening. 1D and 3D sector model studies established CWI as the best method for CO2 disposal in the 
field. 
Full-field simulation studies were conducted for CWI using different well patterns. Edge CWI was determined as the 
optimum process providing about 8% incremental EUR over field development plan (FDP) envisaged recovery. Sensitivity 
analysis conducted showed no detrimental impacts of carbonated water on recovery from the field. 
This study establishes CWI as an effective enhanced oil recovery (EOR) and carbon capture and storage (CCS) method 
with the 1D simulation studies successfully predicted the displacement mechanisms observed in core studies. This method can 
be used for similar fields to avoid flaring of produced gas. 
 
Imperial College 
London 
Formatted: para1, Indent: First line: 
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Introduction 
The field A is a multi-Darcy (200-20000 mD) sandstone reservoir with a high average porosity of about 25%. The reservoir is 
highly undersaturated. The average reservoir pressure of 1900 psia is 1100 psia higher than the bubble point pressure of 800 
psia. The crude is waxy and viscous with an average viscosity of 20 cP. The GOR of the field at 130 scf/bbl is low. The 
produced gas has a very high CO2 content of around 85%. Currently, the field is producing at 25000 BPD and the produced 
gas is flared. Due to the large amount of CO2 present in the produced gas, it is difficult to flare the hydrocarbon (HC) 
components of the produced gas by itself. Therefore, 2.5 MMSCFD associated natural gas (ANG) produced is mixed with the 
fuel gas from another field and flared into the atmosphere. This requires a significant quantity of fuel gas. 
There are three main driving agents for this study: 
 Global emphasis on the reduction of CO2 emissions to prevent the detrimental impact of anthropogenic CO 2 on 
the climate and gain carbon credits. 
 Not flaring the produced gas will save the fuel gas from the nearby gas field. This will add to the revenues through 
increased volumes of sales gas. 
 Exploitation of the field resources with maximum efficiency. Any incremental recovery from the disposal of the 
produced gas in the reservoir will add to the revenues. 
The additional revenue from the produced gas disposal will be offset by the additional surface facilities required for the 
purpose. A detailed economic analysis is not within the scope of this study. 
In many parts of the world, especially USA, CO2 is currently being used as an effective means of EOR in different ways. 
These include mainly CO2 flooding and water alternating CO2 (WACO2) processes. The CWI process was used in the early 
1950s but little work was done on the method over the next few decades. Of late, this method has again gained some interest. 
The produced gas reinjection has been used as an effective EOR method in highly undersaturated reservoirs. In many 
instances, the CO2 from the produced gas is separated and stored in underwater aquifers or depleted oil reservoirs. 
The amount of gas produced in field A is not sufficient for immiscible flooding or WAG/CO2 to be used and has to be 
augmented by water injection for pressure maintenance. CWI provides an effective alternative for CO2 disposal for field A 
because of the following reasons cited by Dong et al. (2011): 
 Limited modification to the existing WF facilities 
 Suitable for places with limited supply of CO2 
 Gravity segregation of CO2 is averted. 
Kechut et al. (2010) conducted flow visualization experiments on a medium viscosity oil which highlighted the primary 
physical phenomenon that result in incremental oil production from CWI: 
 Oil swelling and viscosity reduction 
 Reduction of oil water interfacial tension (IFT) 
 Rock-wettability alteration 
The CO2 from the saturated water diffuses into the oil because of the much higher solubility of CO 2 in oil than water. This 
causes reduction in oil viscosity and swelling resulting in an improved mobility ratio and displacement efficiency over WF. In 
addition to these, CWI can cause the oil water IFT to drop by upto 20% (Dong et al. 2011).  
Experiments conducted by Holm (1959) show that if a CO2 slug is chased by carbonated water rather than plain water, 
higher recoveries are obtained. Dong et al. (2011) summarized the findings of different researchers on the impact of 
carbonation of water on oil recovery and showed that reduction in oil recovery occurs on reducing the water carbonation. This 
effect was more pronounced on the low API gravity oils compared medium/high API oils. The most research in this area is 
inconclusive and non-systematic due to almost negligible research efforts during the 80s and 90s.  
Sohrabi et al. (2012) showed that the tertiary CWI process provides higher ultimate recovery than the secondary CWI 
process, but it is gradual and extended over a very long time. Secondary CWI provides faster and more oil recovery before 
breakthrough over WF, thus, improving the economics. It also showed that the CWI process improves injectivity over the 
conventional waterflood. 
Riazi et al. (2011) developed a mathematical model to simulate the CWI process at the pore scale. They found that the CO2 
partition and diffusion coefficients and the length of water layer separating the carbonated water and oil have the biggest 
impact on the process results. 
Field scale CWI application was conducted in a few projects in Bartlesville, Oklahoma in the late 50s and 60s. Hicock and 
Ramsay (1962) presented the results for the K&S project. The K&S project had core flooding tests conducted for CWI 
showing 10% increment over WF. Significant improvement in the oil production was observed post CWI in the K&S project. 
The production potential from CWI was determined to be 37% higher than the estimated WF production potential. The 
injectivity was observed to be twice of that observed in the WF projects allowing for wider spacing of the wells. Scott and 
Forrester (1965) presented the case study of the Domes unit. The expected incremental recovery from CWI was 9% in the 
Domes unit. But only one third of the estimated production was realized which was attributed to poor sweep due to formation 
stratification and vertical fractures formed in the injectors. 
Very limited simulation studies have been conducted on the CWI so far. After extensive literature review it was observed 
that the simulation studies conducted were 1D studies at core and pore level. Field scale and 3D simulation study results could 
not be obtained during the literature review. An attempt has been made in this study to simulate the CWI process at field scale 
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for 1D and 3D studies using a commercial simulator. The carbonated water was injected as an aqueous solution of CO2 in 
water. 
CWI promises to be an interesting EOR method in the near future. The present commercial simulators do not consider the 
diffusion of CO2 between phases and assume complete equilibrium instantly (Kechut et al. 2010). However, this is not 
expected to affect the field-scale simulation studies. With only 2 field trials in the last 60 years, there are reservations on the 
application of this method in field. 
 
Scope of Current Study 
The current study aims at determining the best produced gas disposal option in the field A with respect to estimated ultimate 
recovery (EUR) through compositional simulation of the different gas disposal options which include: 
1. CWI 
2. Crestal CO2/produced gas injection supplemented by edge water injection 
3. WAG/CO2 
As the field was planned to be developed using edge waterflood, data corresponding to gas-liquid relative permeability and 
hysteresis was not available. These data were generated/taken from the literature available.  
Enick and Clara (1992) showed that the presence of an aqueous phase affects the CO2/oil phase behavior and the recovery 
from the processes involving displacement of oil by CO2. Therefore, the solubility of CO2 in brine must be considered for 
accurate predictions of results from the compositional modeling. 
Leach and Yellig (1981) showed that the 1D compositional model successfully predicts the displacement mechanisms for 
CO2 flooding. This was used to conduct fully compositional 1D simulations for all the available options to determine the 
displacement efficiency and mechanisms.  
The study was conducted in the following sequence: 
1. PVT analysis and EOS tuning for reservoir fluid characterization 
2. Slimtube simulation to determine MMP 
3. 1D modeling for screening of processes wrt displacement efficiency 
4. 3D sector modeling for further screening of the processes wrt sweep efficiency 
5. Full field modeling for optimum process selection 
The edge CWI with surface dissolution was selected as the optimum process after the 1D and 3D compositional simulation 
studies. Uncertainty and sensitivity analysis studies were conducted on the selected method which indicate that the carbonated 
water has no detrimental impact on the overall recovery. The results from the study are summarized hereafter. 
 
PVT Analysis and EOS tuning 
Detailed compositional data was available for three samples from field A. Constant composition expansion (CCE), differential 
vaporization expansion (DVE) and separator test data were also available on these 3 samples. CMG-WINPROP was used for 
the tuning of the EOS. Initially, a 14-component Peng-Robinson78 (PR78) EOS was tuned for reservoir fluid description. The 
Jossi-Stiel-Thodos (1962) equation was modified for the viscosity matching. The data for CO2 solubility in the brine was 
generated and then used to further tune the EOS. Fig. 1 shows the CO2 solubility in the 5000 ppm brine at reservoir 
temperature of 156 ⁰F for different pressures. 
The 14-component EOS, though elaborate, but would take a long run time. Therefore, the lumping of the components was 
done to reduce the number of components to 5. Fig. 2 shows the lumping scheme followed. 
The 5-component EOS had a good viscosity match for the PVT samples (Fig. 4). The in-situ oil viscosity in the reservoir 
varies from 6 to 10 cP in the main reservoir section and from 10 to 35 cP in the biodegraded oil zone. The EOS viscosity 
provided a reasonable match with the field viscosity variations. As shown in the Fig. 3, the EOS predicted viscosity slightly 
over predicts the actual field viscosity variations.  
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PVT Modelling Results Discussion 
The lumping of the components reduces the accuracy of the reservoir fluid description. The EOS parameters were tuned so as 
to obtain results from the 5-component model as close to the 14-component model as possible. Both the models provided good 
match with the experimental data. 
The CO2 solubility data was generated for reservoir and the surface mixing temperatures for a range of pressures. The CO2 
solubility in brine was observed to follow the below mentioned trends: 
1. Increases with increasing pressure 
2. Decreases with increasing temperature 
3. Decreases with increasing salinity of the brine 
4. Decreases in the presence of other components 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4: Field and EOS predicted viscosity variation with depth. Fig. 3: EOS viscosity match with experimental data. 
Fig. 1: Variation of CO2 solubility in 5000 ppm injection brine with pressure. 
Fig. 2: Lumping scheme followed for reducing the 
number of components for EOS from 14 to 5. Only 
CO2 carried as pure component. 
*LC  Lumped Component 
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Slimtube Simulation 
1D compositional model slimtube simulation runs were conducted in order to determine the MMP for the CO2 and the 
produced gas. No actual slimtube experiment results were available to compare the result of the data. The values obtained from 
these runs were compared with the MMP estimates from different correlations. 
 
Model Construction 
A compositional model was created to be run using CMG-GEM simulator. The model dimensions were set to be equal to 60ft 
along the x-direction and 0.025’ across y and z- directions. The number of grids along the x-direction was kept to 100. No 
connate water and gas were assumed. The porosity was taken as 0.38. Simplified relative permeability curves were generated 
using Corey exponents of one. The PVT used was the 5-component EOS set generated earlier. The model was set at reservoir 
temperature of 156⁰F. A producer and an injector were placed at the either end of the model. The reservoir pressure was kept 
constant with producer constrained to produce at reservoir pressure and injector constrained to inject at 0.1 pore volumes (PV) 
per day. The duration of run was 12 days so as to inject a total of 1.2 PV of gas. 
 
Model Results Analysis 
The recovery at the end of 1.2 PV injection was then plotted against test reservoir pressure as proposed by Yellig and Metcalfe 
(1980). This method states that the MMP is the breakover point of the curve, i.e. the point at which the curve changes its slope. 
Fig. 5 and Fig. 6 show the recovery plots of the slimtube simulation for the produced gas and CO2 respectively. The results 
show that the approximate MMP for CO2 is 2520 psia and that for produced gas is 3320 psia. 
 
 
MMP Estimates from Correlations 
There are a number of correlations available in the literature for determining the MMP of pure/impure CO2 injection system. 
The most widely used correlations include Cronquist (1977), Glaso (1985), Holm-Josendal (1974) and Yuan et al. (2005). Of 
these correlations, only Yuan et al provides a correlation for determining the MMP of impure CO2 systems. Yuan et al. (2005) 
provides a summary of the available MMP correlations listing their merits and limitations. 
Besides these correlations, the WINPROP (2013)software also provided two different methods for MMP determination, 
namely Cell to Cell Mixing and Multiple Cell Mixing methods. The MMP estimates from these methods are summarized in 
Table 1.  
 
Results Analysis 
The MMP values predicted by different methods do not converge on any particular pressure. Therefore, the MMP values 
estimated from slimtube experiments were considered for further analysis. The MMP for CO2 injection is around 2500 psia 
and approximately 3300 psia for the produced gas. Since, the reservoir pressure is 1900 psia, the MMP for the pure/impure 
CO2 is much higher than the reservoir pressure. This indicates that the gas flooding in field A will be an immiscible process. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1: MMP estimates from different methods 
Method Used CO2 MMP (psia) Produced Gas MMP (psia) 
Holm-Josendal correlation 2172 -- 
Cronquist correlation 2238 -- 
Glaso correlation 6476 -- 
Yuan et. al. correlation 2685 6850 
Slimtube Simulation 2520 3320 
Fig. 5: Produced gas MMP determination from slimtube 
experiment simulation. 
Fig. 6: CO2 MMP determination from slimtube experiment 
simulation. 
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Cell to Cell Mixing 2535 3150 
Multiple Cell Mixing 2070 2675 
 
Field Data Analysis 
The data required for the compositional simulation for evaluation of different options was evaluated. The field data was then 
analyzed to establish any missing data. The missing data were accounted for by using the values available for similar fields in 
literature and the default models available in the simulator. 
The field A is an intermediate wet reservoir with moderately viscous crude. It has two major rock types the properties for 
which are given in Table 2. The two rock types are classified on the basis of their permeability. Rock type 1 accounts for about 
70% of the total sand in the reservoir. Detailed SCAL data was available for the oil-water relative permeability curves. 
During the data analysis, it was observed that the data required for the three-phase flow modeling was missing. The major 
data not found included: 
 Gas-Liquid relative permeability data for modelling gas flow in reservoir 
 Hysteresis data required for modelling cyclic processes like WAG 
The gas-liquid relative permeability data was generated by using the Corey exponents from oil-water relative permeability 
curves for liquid and the exponent for gas phase and end point values were taken from the literature. Larsen-Skauge (1998) 3-
phase hysteresis model was the default hysteresis model in the simulator and was used. Oak (1991) showed that the Stone-II 
(1973) model provided better match than Stone-I (1970) with the 3-phase relative permeability data for intermediate wet rocks 
and hence, was used in the model. 
 
 
Table 2: Properties of different rock types in field A 
Property Rock Type 1 Rock Type 2 
Permeability  >500 mD <500 mD 
Water Corey exponent (Nw) 2.5 2.5 
Oil Corey exponent (No) 4 5 
Optimum WAG ratio 0.47 0.41 
WF recovery after 2 PV injection 39% 36% 
 
1D Simulation Studies 
A simple 1D compositional model was constructed for determining the displacement efficiency from different processes under 
the reservoir conditions. The results from this study were then used to eliminate the low EUR methods, i.e. the processes with 
displacement efficiency lower than the waterflood. The displacement efficiency estimates for solvents from slimtube 
experiment are not reliable as the permeable medium and the experimental conditions are highly artificial (Lake, 1989). The 
aim of the 1D simulations was to mimic the on-field conditions as closely as possible. Several different options were evaluated 
through 1D simulation. 
 
Model Construction 
Properties of rock type 1 were used for the 1D model. The model constructed was 500ft along the x-direction with 50 grids and 
10ft along both y and z-directions. A producer and an injector were placed at the either ends of the model along the x-axis. The 
producer was constrained to produce at minimum 500 psia which is the minimum pressure that can be allowed without sand 
production. The reservoir pressure and temperature were set at 1900 psia and 156ºF respectively. The injector pressure was 
constrained at 2500 psia obtained from the fracture gradient of the field. The injector was also constrained to inject with a 
maximum voidage replacement ratio (VRR) of 1. The model was run until 2 PV of total fluid (solvent/water/carbonated water) 
was injected. 
GEM was used for all the runs. A model was prepared on STARS to check for the partition of CO2 between oil and water 
in the CWI process. 
 
Results Analysis 
The results for the different cases are summarized in the fig. 7. The recovery of 38% from the waterflood after 2 PV injection 
is in accordance with the Buckley-Leverett (BL) recovery of 39% for the rock type 1. The plot shows the result of the 
simulations run using GEM compositional simulator. The different options evaluated using 1D simulations include: 
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Recycled CO2 Injection 
CO2 was stripped off from the produced gas and injected in the 1D model. This method provided the lower recovery than 
the waterflood as the amount of CO2 is not sufficient for the pressure maintenance leading to very fast pressure decline in the 
reservoir. 
 
Recycled Produced Gas Injection 
The entire produced gas was re-injected into the reservoir. This method provided the least recovery. The low GOR of field 
provides insufficient produced gas for pressure maintenance. 
 
WAG (Ratio 1:1) 
The matched-velocity WAG ratio (Stalkup, 1983) was determined to be ~1:1 for both the rock types in field A. Therefore, 
this was used to estimate the EUR from the 1D model. It provided 4% more recovery than the WF due to the oil swelling and 
viscosity reduction caused by the gas injection. However, in reality, this ratio cannot be maintained due to extremely low 
volumes of produced gas. The maximum WAG ratio with the produced gas that can be maintained in the field is ~1:13. 
Therefore, this method was discarded. 
 
WACO2 (Ratio 1:1) 
This is similar to the WAG ratio study except that the CO2 was stripped from the produced gas and then injected in 
alternation with water. Due to the low volumes of produced gas, the WACO2 ratio that can be maintained in the reservoir is 
~1:15 and hence, this method was discarded. 
 
CWI 
The data for amount of CO2 dissolved in the injection brine was generated using WINPROP. The best displacement 
efficiency was obtained from this process. The EUR from brine fully saturated with CO2 was ~8.5% higher than the 
waterflood. The higher recovery can be attributed to the oil swelling and viscosity reduction due to mass transfer of CO2 from 
the carbonated water (CW) to the oil in conjunction with pressure maintenance and IFT reduction. 
This process was modelled using both STARS and GEM simulators. The EUR from both the simulators were similar 
showing that the GEM accounts for the partitioning of the CO2 between oil and water. 
  
Aqueous Produced Gas 
This method was tried out in line with the CWI process. The solubility of the lightest lumped component, comprising of 
nitrogen, methane and ethane, was calculated alongwith the CO2 in injection brine. The recovery EUR form this process is 
close to that from CWI. However, the method was not further pursued due to a number of reasons which include: 
 No earlier studies on this subject are available 
 Low solubility of the other lighter components in the water 
 Separation of a combination of components from the produced gas stream is difficult and costly 
 Low impact on the oil swelling and viscosity reduction compared to CO2 
 Low confidence on the solubility of the lumped component 
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The results of the 1D simulation suggest that the produced gas/CO2 reinjection should be accompanied by waterflood in order 
to maintain the reservoir pressure as the gas volumes produced is very low. The 1D analysis provided a basis for screening of 
the different processes for further 3D analysis.  
 
3D Sector Model 
A 3D sector model was extracted from the fine scale model of field A. The grid dimensions are 50 m × 50 m × 1m. The main 
aim of the 3D sector modelling was to estimate the sweep efficiency of the different processes and determine the optimum 
well locations for the different options. This also provided an estimate of the EUR from different processes. Vertical wells 
were placed in the reservoir. These wells were perforated in all the zones. The constraints on the producers and injectors were 
the same as the 1D model although with an upper limit on the total liquid production from the sector which was the same 
fraction of field processing capacity as the sector STOIIP compared to the field STOIIP. History matched model was not used 
for this study and the model was run from the start of the field, January 2013, to December 2040. 
 
Results Analysis 
The EUR at the end of the simulation runs for each case was compared with the EUR from edge waterflood envisaged in the 
FDP. For waterflood and CWI processes, different flooding mechanisms/patterns were followed which include: 
 Edge flooding 
 5-spot flooding 
 Inverted 9-spot flooding 
Crestal gas injection cases supplemented by water injection options were also evaluated the well locations in which 
included: 
 Crestal CO2 injection supported by edge waterflood 
 Crestal CO2 injection supported by 5-spot waterflood 
 Crestal produced gas injection supported by 5-spot waterflood 
Fig. 8 shows the EUR from the different options. The incremental recovery from the CWI was observed to be 3-9% more 
than the waterflood with the same well locations. The crestal gas injection supported by 5-spot waterflood provided better 
EUR over the 5-spot waterflood but was lower compared to 9-spot waterflood and 5-spot CWI. All the CO2 options however 
provided better recovery compared to edge waterflood. 
 
Edge Waterflood/CWI 
Fig. 9 shows the well locations for this case. The injector was placed just below the oil water contact (OWC). The 
producers were placed about 200 m apart. The recovery from the edge waterflood of 21% in this sector model was close to the 
FDP envisaged oil recovery of 23%. Edge CWI provided 3% higher recovery than edge waterflood. 
 
5-Spot Waterflood/CWI 
Fig. 10 shows the well locations these 2 cases. Two additional injectors were added in the oil leg over the edge waterflood 
model. The EUR of 5-spot waterflood was ~13.6% higher than the edge waterflood while the CWI using this pattern added an 
additional 9% EUR on top of waterflood, a total of 19.6% increment over edge waterflood. 
  
Inverted 9-Spot Waterflood/CWI 
Fig. 11 gives the well locations this case. 5 new producers were added over 5-spot pattern, one between each producer pair. 
This pattern provides very high EUR for both waterflood and CWI. An incremental recovery of ~25.3% over edge waterflood 
is obtained from CWI, the maximum for any option analyzed in this study. Additional costs due to large number of producers, 
however, can impact the feasibility of the process on the full-field level. 
 
Crestal Gas Injection Supplemented by Waterflood 
Fig. 12 gives the well locations for the cases involving crestal gas injection. For the first case of crestal CO2 injection 
supported by the edge waterflood, the oil leg injector was converted to producer. Due to the location of crestal CO2 injector, 
the number of producers was reduced compared to waterflood/CWI cases which can also cause lower recovery. 
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The similar EUR from the CO2 and produced gas reinjection in the reservoir indicates that the separation of CO2 from the 
produced gas is not required for the crestal gas injection option. This would prevent cost on the stripping facilities. However, 
the savings on stripper can be offset by the increased cost of the gas injectors and laying a separate gas injection pipeline. 
The high EUR obtained from the CWI option necessitates the installation of a stripper and a surface dissolution tank. The 
increased costs can however be offset by the use of the existing water injection pipeline for transporting CW to the injectors.  
On the basis of the 3D sector modelling, the inverted 9-spot pattern seemed to be the most optimum choice for the full field 
simulation. However, to avoid missing out on any point, all the options for CWI evaluated under 3D sector model were 
decided to be evaluated in the full-field compositional modelling. The crestal gas injection options were not evaluated for full 
field due to lower EUR compared to CWI. 
  
Full-Field Model Studies 
The fine scale history matched model of field A was used for the full field modelling. The grid block dimensions in the full 
field model are the same as that in sector model, i.e. 50 m × 50 m × 1 m. The field history was matched until June 2014. It was 
assumed that the CO2 disposal was to start from January 2017. The aim of the full field simulation study was to determine and 
compare the incremental recovery from the different options and selecting the best option. Additional vertical wells were 
placed in the reservoir and the wells were perforated in all the zones. The simulations were run until end of 2040. 
The constraints on the producers and injectors were the same as the sector model. However, the field total production was 
constrained to a maximum liquid rate of 50,000 bpd and the field oil production was limited to a maximum of 15,000 bpd due 
to the limited processing capacity of the surface facilities.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10: Well locations for 5-spot WF and CWI for sector model 
studies. 
Fig. 9: Well locations for edge WF and CWI for sector model 
studies. 
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Results Analysis 
The recovery envisaged from edge WF in the FDP was about 23% at the end of 2040 using a black oil simulator. A full field 
compositional simulation run using the FDP wells and constraints provided a EUR of 23.2% which further established 
confidence in the PVT dataset being used for the simulation runs. The EUR from different processes was compared with this 
value. The best recovery was obtained for the CWI among all the available options. However, the well locations and count 
didn’t have as big impact on the EUR in the full field simulation when compared to the sector model results. Fig. 13 shows the 
results from the full-field studies and the Table 3 summarizes the salient points for each option. 
 
Edge Waterflood/CWI with Additional Wells 
An additional 36 producers and 12 injectors over FDP wells were placed for the better sweep. Improvement over FDP was 
observed for both waterflood and CWI. Edge waterflood with more wells gives an EUR of 29.21% which is 6% higher than 
FDP. The recovery from CWI was ~2% more than the waterflood. The EUR from these options in full-field simulation is 
higher than the EUR for the sector model using the same methods. This shows the communication between oil and water leg 
was not good in the extracted sector model. 
 
5-Spot Waterflood/CWI 
In addition to the FDP wells, 36 producers and 37 injectors were placed to form 24 5-spot patterns.. Though EUR from the 
waterflood and CWI is higher than FDP at 26.2% and 30.4% respectively, it is considerably lower compared to EUR from 
sector model study results for same pattern. The EUR from 5-spot is lower than the edge flooding with more wells for both 
waterflood and CWI.  
 
Inverted 9-Spot Waterflood/CWI 
24 inverted 9-spot patterns were formed with an additional 96 producers and 37 injectors over the FDP wells. Like the 5-
spot case, the EUR obtained in inverted 9-spot pattern flood is higher than FDP for waterflood (27%) and CWI (31.5%) but the 
EUR from full field simulation is much less compared to EUR observed in sector model study.  
 
The huge drop in the EUR from the 1D simulation and the sector model-to the full-field model can be attributed to the field 
geological heterogeneity. The isolated pools of oil and the heavily faulted southern part of the field reduce the EUR 
significantly. The similar recovery from all the three well placements might be due to the surface facility liquid handling 
constraints. 
 
The inverted 9-spot pattern CWI provides the highest EUR (31.5%) in the full-field studies but it is only marginally better 
than the edge CWI (31.3%). However, the number of additional wells required for the pattern CWI is much more than edge 
CWI (133 versus 48) thus making the pattern flood not economically viable. As a result, due to similar recovery and lower 
number of additional wells, the edge CWI was selected as the best option for CO2 disposal. 
 
 
 
 
 
 
 
 
 
Fig. 12: Well locations for the crestal gas injection supported by 
edge/5-spot WF. For crestal gas injection with edge WF, the oil-
leg injector was converted to producer. 
Fig. 11: Well locations for inverted 9-spot WF and CWI for sector 
model studies. 
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Table 3: Summary of full field study results and comparison with sector model results 
Flood Design Injection Fluid EUR (%) 
Increment Over 
FDP EUR 
Difference from 
Sector Model 
EUR 
Additional Wells over FDP 
Producers Injectors 
Using FDP wells Water 23.2 - - - - 
Edge Flooding 
Water 29.2 6.0 7.9 
36 12 
Carbonated water 31.3 8.1 7.0 
5-Spot Pattern  
Water 26.2 3.0 -8.7 
36 37 
Carbonated water 30.4 7.2 -13.5 
Inverted 9-Spot 
Pattern 
Water 27.0 3.8 -12.6 
96 37 
Carbonated water 31.5 8.3 -15.1 
 
Uncertainty and Sensitivity Analysis 
On the basis of the simulation studies, the edge CWI was chosen as the best possible CO2 disposal option. An uncertainty 
analysis was conducted to determine the range of expected recoveries from the field. Table 4 captures the results of the 
uncertainty analysis conducted. 
Only two field trials of CWI are reported in the last 60 years. Also, a lot of data for this study, especially pertaining to gas 
flow, was not available and was assumed/ taken from the literature. Therefore, a sensitivity analysis was performed to see the 
impact different variables have on the proposed method. The tornado plot in Fig. 14 shows the main parameters that have an 
impact on the recovery from the CWI. 
The CWI process uses CO2 dissolved in water for improving the oil recovery. Transfer of CO2 from water to oil changes 
the properties of crude thereby leading to EOR. Therefore, the amount of CO2 dissolved in injected brine would affect the 
degree to which the oil swelling and viscosity reduction occurs and is one of the main uncertainties. In case of an external 
source of CO2 becoming available in the future, the improvement in EUR can be significantly increased. The sensitivity 
analysis also highlights that the carbonated water has no detrimental impact on the EUR. 
 
Table 4: Uncertainty analysis results for full-field edge CWI 
 P10 P50 P90 
EUR (%) 35.0 32.2 28.9 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 13: 3D full field simulation study results for the CWI using different patterns. 
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The reservoir is highly undersaturated and as a result, the CO2 injected with water does not get evolved to form a third 
phase and remains dissolved in the oil and water. Only 2-phase flow occurs in the reservoir. This eliminates the uncertainty 
involved with three phase flow in the reservoir as can be observed in Fig. 14 where the gas Corey exponent (Ng) has no effect 
on the EUR. 
CWI does not involve cyclic injection of gas and water and therefore, the uncertainty involved with hysteresis data was 
eliminated. Thus, CWI process eliminates the uncertainty due to the gas-liquid relative permeability data and the hysteresis 
data which are not available. 
The other major uncertainties affecting the EUR from the process are the same as observed for the waterflood. The next 
major uncertainty is in the residual oil saturation (Sorw). The CWI can reduce the residual oil saturation compared to the 
waterflood due to oil swelling effects of CO2. The CO2 in water also reduces the properties of oil and water and thus, 
introduces uncertainty in the oil and water Corey exponents(No and Nw respectively) and the end point relative permeabilities. 
 
Discussion 
The aim of this study was to establish the best disposal option for the high CO2 content produced gas in field A, a highly 
undersaturated and low GOR field containing waxy and viscous crude with the aim of maximizing recovery from the field. In 
this paper, on the basis of 1D and 3D compositional simulation studies, edge CWI was chosen as the optimum solution from 
amongst a host of options. The simulation studies estimate an EUR of approximately 32% from the process which is 8% more 
than the FDP EUR. 
CWI acts as a novel waterflood wherein chemically altered brine is injected in place of water/brine. For field A, the use 
CWI for CO2 disposal is favored because of several reasons which include: 
 The amount of CO2 available is suitable for surface dissolution of the gas in brine. Fig. 15: CO2 solubility in brine 
compared with the CO2 produced per barrel of injected water shows the amount of CO2 that can be dissolved per 
barrel of water versus the amount of CO2 produced per barrel of water injected. The pressure required for dissolution 
under current conditions is approximately 1600 psia which is the surface injection pressure. The surface dissolution is 
favored over the downhole mixing as it saves laying of additional CO2 lines to each injector and significant changes 
in the injector completions.   
 The existing injector completions and the injection pipelines can be used for CWI thus avoiding any major upgrade of 
the surface facilities and well completion design. 
 As the field is highly undersaturated, the CO2 remains dissolved in oil and water and does not form a gas phase. This 
prevents premature gas breakthrough due to unfavorable mobility ratio as the CO2 is immiscible with oil under the 
reservoir conditions. This also removes the requirement of conducting additional core studies for gas flow. 
 As the CO2 remains dissolved in water, at the end of field life, a large amount of CO2 will be sequestered within the 
reservoir without the risk of gas leakage from the reservoir. 
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Riazi et al (2011) showed that CO2 partition and diffusion coefficients have a major impact on the recovery at the pore 
level. The results of the 1D analysis for CWI conducted showed that the compositional simulation of the process accounted for 
the partition of CO2 between oil and water phases. The diffusion had little impact on the final results because of the large grid 
block sizes used for the full field simulation. The 1D model simulation studies for CWI process show oil swelling and 
viscosity reduction as the major mechanisms for the EOR from CWI (fig. 16 and 17). The field CO2 concentration increases 
gradually over the flood life as water saturation increases. 
The additional recovery from the CWI over waterflood using the same well configuration is about 2-4% for the full-field 
level while it is 3-9% for the sector model. This is in line with the field trials conducted. 
The full field viscosity match, though acceptable, can be improved. A detailed compositional analysis of a few samples 
from different depths and field locations is required. The EUR from CWI also needs to be compared with other EOR methods 
like polymer flood, etc. If the EUR from other EOR processes is higher than CWI and process is commercially feasible, the 
gas disposal options in the nearby smaller fields or underground aquifer should be evaluated.  
The current study shows that the CWI can be used as a method for CO2 storage and EOR in places where CO2 supply is 
limited. Most of the gas disposal options were evaluated before arriving upon the final result. Studies can be conducted on 
similar lines for gas disposal in other fields in order to avoid flaring of the gas. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Fig. 15: CO2 solubility in brine compared with the CO2 produced per barrel of injected water. 
Fig. 16: Oil saturation variation in 1D model as a function of distance from the injector on left as 
injection volume increases. The bumps in the oil saturation profile represent the oil swelling 
phenomenon. 
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Conclusions 
On the basis of the simulation study conducted, the following conclusions were reached: 
 A methodology is presented for determination of optimum produced gas disposal option wherein 1D and 3D sector 
model compositional simulation studies are first used to screen out/prioritise the available options for evaluation at 
the full-field level. This methodology was applied for field A and showed that CWI is the most appropriate option for 
the disposal of high CO2 content produced gas.  
 The study shows that the CWI process is an effective EOR method with no detrimental impact on the final recovery 
from the field. It is highly suited for the environments with limited CO2 availability such as field A. 
 Field scale 1D and 3D simulation studies were conducted for CWI. No field scale results were available with which 
the results could be compared. However, changing the diffusion coefficients did not affect the final results from 
simulator. 
 The recovery from the edge CWI is similar to the pattern CWI from the full field simulations. This can be due to the 
limited surface facility capacity. The EUR from the CWI is 8% higher than the FDP EUR and 2-4% higher than the 
waterflood using same well configuration. 
 1D model show that CO2 diffusion from carbonated water to oil reduces the oil viscosity thus improving the mobility 
ratio. Also, CO2 causes oil swelling which results increased oil saturation and relative permeability of oil. This further 
reduces the mobility ratio and results in higher EUR. 
 Due to the highly undersaturated reservoir behavior of field A, there is 2-phase fluid flow in the reservoir and the 
complications and uncertainty of the 3-phase flow are eliminated in the CWI case. 
 The CO2 solubility in brine affects EUR from CWI significantly. This parameter is in turn affected by the salinity of 
the brine. EUR is decreased if carbonation of brine is reduced. Therefore, the brine salinity and its impact on CO2 
solubility must be accounted for accurate predictions. 
 The CO2 in water and its diffusion into oil affects the oil and water properties. It also lowers the oil-water IFT. This 
can result in alteration of relative permeability curves. Detailed experiments are required for quantifying these effects. 
 
Nomenclature 
GOR Gas Oil Ratio 
CO2 Carbon Dioxide 
FDP Field Development Plan 
WAG Water Alternating Gas 
CWI Carbonated Water Injection 
EOS Equation of State 
MMP Minimum Miscibility Pressure 
WF Waterflood 
EOR Enhanced Oil Recovery 
CCS Carbon Capture and Storage 
HC Hydrocarbons 
ANG Associated Natural Gas 
WACO2 Water Alternating Carbon Dioxide 
IFT Interfacial Tension 
CCE Constant Composition Expansion 
DVE Differential Vaporization Expansion 
PV Pore Volumes 
Sorw Residual oil saturation for water-oil system 
Krw Water relative permeability end point 
Kro Oil relative permeability end point 
Nw Water Corey exponent for oil-water relative permeability 
No Oil corey exponent for oil-water relative permeability  
Ng Gas Corey exponent for gas-liquid relative permeability 
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Appendix A: Milestones in CO2 and Carbonated Water Injection 
 
Paper No. Year Title Authors Contribution 
SPE-1250-G 1959 
Carbon Dioxide Solvent Flooding for 
Increased Oil Recovery 
L.W. Holm 
Core experiments conducted showed that the 
recovery from the CO2 flood followed by 
carbonated water resulted in higher recoveries 
compared to CO2 slug chased by plain water.  
SPE-333-MS 1962 
Case Histories of Carbonated 
Waterfloods in Dewey-Bartlesville 
Field 
C.W. Hicock, 
H.J. Ramsay Jr. 
Gives the results of one of the first field 
applications of carbonated water floods and 
establishes higher recovery and injectivity with 
carbonated water flood compared to traditional 
waterflood 
SPE-1126-PA 1965 
Performance of Domes Unit 
Carbonated Waterflood – First 
Stage 
J.O. Scott, 
C.E. Forrester 
Case study of Domes Unit CWI shows that the 
actual incremental recovery over waterflood was 
lower than the expected due to poor sweep 
efficiency due to formation stratification and 
injection well fractures.  
SPE-7477-PA 1980 
Determination and Prediction of 
CO2 Minimum Miscibility Pressures 
W.F. Yellig, 
R.S. Metcalfe 
Established the slimtube experiment as a 
standard technique for the determination of MMP 
for different crude oil-CO2 injection system. 
SPE-8368-PA 1981 
Compositional Model Studies – CO2 
Oil-Displacement Mechanisms 
M.P. Leach, 
W.F. Yellig 
Shows that 1-D fully compositional model 
successfully predicts results of lab displacement 
of synthetic oil by CO2 and the displacement 
mechanisms. 
SPE-22599-MS 1991 
Three-Phase Relative Permeability 
of Intermediate–Wet Berea 
Sandstone 
M.J. Oak 
1. Describes an experimental method to 
determine 3-phase relative permeability with 
fewer experiments than earlier methods. 
2. Establishes that the Stone-II model predicts 3-
phase relative permeabilities better than 
Stone-I for intermediate wet rocks. 
SPE-20278-PA 1992 
Effects of CO2 Solubility in Brine on 
Compositional Simulation of CO2 
Floods 
R.M. Enick, 
S.M. Clara 
Shows that as aqueous phase increases (either 
WAG ratio or Swc) the CO2 flood recovery 
decreases. Also considers the effect of dissolved 
solids on CO2 solubility. 
SPE-89359-PA 2005 
Improved MMP Correlations for CO2 
Floods Using Analytical Gasflooding 
Theory 
H. Yuan, 
R.T. Johns 
A.M. Egwuenu 
B.Dindoruk 
Provides a correlation for MMP determination 
and compares with existing correlations (Glaso, 
Cronquist, Holm & Josendahl, Yellig & Metcalfe) 
over 41 slimtube experiments 
SPE-139667-MS 2010 
Tertiary Oil Recovery and CO2 
Sequestration by Carbonated Water 
Injection (CWI) 
N.I. Kechut 
M. Sohrabi 
M. Riazi 
M. Jamiolahmady 
1. Identifies oil swelling, viscosity reduction and 
wettability alteration as primary mechanism for 
enhanced oil recovery using CWI. 
2. Shows that the current simulators with 
immediate equilibrium between aqueous and 
oil phases cannot adequately model the CWI 
process at core scale. 
3. Core experiments show higher CO2 storage in 
reservoir compared to immiscible CO2 flood. 
SPE-145380-MS 2011 
Experimental Investigation of 
Carbonated Water Flooding 
Y. Dong 
B. Dindoruk 
C. Ishizawa 
E. Lewis 
T. Kubicek 
1. Summarises the findings and insufficiencies of 
the research conducted till date on CWI 
2. Shows that high flooding rates for core-flood 
experiments should be avoided for better 
scaling to field level. 
JPSE 2011-75 2011 
Theoretical Investigations of Pore-
Scale Mechanisms of Carbonated 
Water Injection 
M. Riazi 
M. Jamiolahmady, 
M. Sohrabi 
1. Develops a mathematical model for 
mechanism of oil recovery in CWI at the pore 
scale. The model is verified by simulating the 
results of Campbell and Orr’s experiments. 
2. Shows that partition and diffusion coefficients 
have a significant impact on the residual oil 
saturation reduction. 
SCA-2012-05 2012 
Improved Oil Recovery and 
Injectivity by Carbonated Water 
Injection (CWI) 
M. Sohrabi 
M. Tavakolian 
A. Emadi 
M. Jami 
S. Ireland 
1. Core experiments to compare the final recovery 
from tertiary and secondary CWI 
2. Shows that the water breakthrough is delayed 
and injectivity is improved in secondary CWI. 
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Appendix B: Critical Literature Review 
 
SPE-1250-G 
 
Carbon Dioxide Solvent Flooding for Increased Oil Recovery 
 
Authors: L.W. Holm 
 
Contributions to CO2 and carbonated water injection: 
 
It established through coreflood experiments that the CO2 slug driven by carbonated water provides better recovery than CO2 
slug driven by plain water. 
 
Objective of the paper: 
 
Flooding experiments were conducted on the sandstone and vugular dolomite to determine the oil recovery efficiency in the 
case of a CO2 slug injection followed by carbonated water at temperatures above 100 ⁰F and in the pressure range 600-2600 
psia and compare this with the waterflood efficiency. 
 
Methodology used: 
 
Long and short core experiments were conducted on Berea sandstone and McCook Dolomite. An East Texas oil, a West Texas 
oil, a recombined West Texas stock tank oil and Soltrol were used as reservoir fluids in the experiments. Cores were first 
saturated with water (brine for sandstone) before oil flooding at desired pressures and temperatures. A series of displacement 
experiments were conducted followed by blowdown to atmospheric pressure. Carbonated water/brine were used for the 
experiments with carbonation reaching saturation levels. 
 
Conclusions reached: 
 
1. CO2-carbonated water flooding results in higher recovery than CO2-plain waterflood, conventional water flooding and 
solution gas drive with the oil recovery increasing with increasing pressure. A bank of light hydrocarbons was formed 
during the process resulting in higher recoveries. 
2. Additional oil recoveries to the tune of 6-15% of the STOIIP were obtained during the blowdown period. 
3. The CO2-carbonated water flooding increased the permeability of the dolomite cores. 
 
Comments: 
The experiment used very high flooding rates of 5-25 ft/day which overfloods the system yielding very low residual oil 
saturations. Also, the method proposed would require large amount of CO2 which is not available for the current field. 
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SPE-333-MS 
 
Case Histories of Carbonated Waterfloods in Dewey-Bartlesville Field 
 
Authors: C.W. Hicock, H.J. Ramsay Jr 
 
Contributions to CO2 and carbonated water injection: 
 
A case history of the CWI applications in the Dewey-Bartlesville field showing higher recovery and injectivity obtained from 
tertiary CWI application in the field.  
 
Objective of the paper: 
 
The paper presented the details of the geology, CWI method adopted, the results obtained comparing them with the 
surrounding conventional WF projects and project economics. 
 
Methodology used: 
 
The CO2 required for the project was obtained by burning the natural gas and stripping the CO2. This was then injected down 
the wells with a macaroni tubing and mixed with water downhole. A LPG slug was injected to place light HC around each 
injector. Then carbonated water with surfactant was injected for 3-4 months after which surfactant injection was ceased. The 
carbonated water injection was continued for 6-12 months and then followed by plain water injection. 
 
Conclusions reached: 
 
1. Carbonated water flood provided additional oil recovery of about 43% over the waterflood expected potential. 
2. The injectivity of the carbonated water injectors was almost twice of the conventional WF injectors. This reduced the 
flood life. It also permits wider spacing of the wells leading to lower investment than the conventional WF. 
 
Comments: 
The paper indicates that CWI is an efficient and economical method for EOR. For the limited CO2 supply environments as 
field A, this method can be applicable. 
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SPE-1126-PA 
 
Performance of Domes Unit Carbonated Waterflood – First Stage 
 
Authors: J.O. Scott, C.E. Forrester 
 
Contributions to CO2 and carbonated water injection: 
 
A case history of the carbonated water flood application in the Domes Unit, Oklahoma indicates that additional recovery over 
WF was obtained from CWI. However, it was lower than expected due to the poor sweep efficiency due to the formation 
stratification and presence of injection-well fractures.  
 
Objective of the paper: 
 
The paper presented the details of the CWI method adopted for field development, the results obtained and the steps taken to 
improve the performance of the carbonated water flood. 
 
Methodology used: 
 
The field produced under primary depletion before CWI was commenced. For CWI, nine 5-spot patterns were used. Prior to 
CWI, 10000 bbls of water per well followed by 500 gal propane per well was injected. After this, 25 bbl/well water with 
detergent was injected. Next CO2 was injected with water using a 1/2 in macaroni string allowing downhole mixing with 
water. This continued till each injector had received its share of CO2. Thereafter, plain WF was continued. A nine percent 
incremental recovery over conventional WF was predicted. 
 
Conclusions reached: 
 
1. Carbonated water flood provided additional oil recovery the expected WF recovery. However, the recovery observed 
was about one-fourth of the expected value. This was attributed to the formation stratification and bypassing of oil 
due to vertical fractures in the injectors. 
2. Pressure shut in tests and restimulation of the producer wells helped to balance out the flood performance and 
improve recovery. 
 
Comments: 
The paper indicates recovery from the CWI is affected by geological heterogeneities and the hydraulic/natural fractures. It also 
provides an insight into the reservoir management practices for such reservoirs. The field A in question in this study has a 
highly stratified geological structure. 
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SPE-7477-PA 
 
Determination and Prediction of CO2 Minimum Miscibility Pressures 
 
Authors: W.F. Yellig, R.S. Metcalfe 
 
Contributions to CO2 and carbonated water injection: 
 
This paper established slimtube experiment as the standard experiment for the determination of MMP for CO2 injection gas 
with different oil compositions.  
 
Objective of the paper: 
 
The paper presented the correlation for determining the CO2 MMP developed from the study. It also proposed to use slimtube 
experiment as a standard method for experimental determination of the CO2 MMP. 
 
Methodology used: 
 
Slimtube apparatus was saturated with different oil types prepared by mixing of light (C1+N2+CO2), intermediate (C2-C6) and 
heavy (C7+) components in varying proportions and then flooded with CO2. The recovery at the end of 1.2 PV injection was 
plotted against the test pressure and the breakover point was taken as the MMP. 
 
Conclusions reached: 
 
1. Slimtube experiments provide a speedy and reproducible method for determination of the CO2 MMP. 
2. A correlation was developed to determine the CO2 MMP. This correlation did not take into account the composition 
of the oil and depended only on the reservoir temperature with the MMP increasing with increasing temperatures. 
 
Comments: 
The slimtube experiment has been used as standard method for MMP determination for CO2 as well as produced gas. The 
correlation developed does not consider composition of crude and hence, is inaccurate. For field A, the slimtube experiment 
data was not available. It was then simulated using the compositional simulator to give an estimate of the MMP. 
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SPE-8368-PA 
 
Compositional Model Studies – CO2 Oil-Displacement Mechanisms 
 
Authors: M.P. Leach, W.F. Yellig 
 
Contributions to CO2 and carbonated water injection: 
 
Shows that 1-D fully compositional model successfully predicts results of lab displacement of synthetic oil by CO2 and the 
displacement mechanisms. 
 
Objective of the paper: 
 
The purpose of the paper was to justify the use of a fully compositional model to the displacement process and predict the 
results of CO2 or rich gas flooding.  
 
Methodology used: 
 
Experimental studies were conducted in a Berea core using pure CO2 to displace a 10-component synthetic oil (C1-C14). The 
displacement studies were conducted at two different temperatures (120⁰F and 150⁰F). The recovery during the flooding 
process and the effluent compositions were determined as a function of HCPV injected. The experimental results were then 
simulated using a fully compositional 1D model.  
 
Conclusions reached: 
 
1. The fully compositional 1D model successfully matched the results (Recovery and fluid compositions) of the 
laboratory displacement process of a synthetic oil by CO2. 
2. The condensing gas drive mechanism was observed to control the CO2/synthetic oil displacement which was also 
observed for the rich-gas displacements 
 
Comments: 
The paper established that the 1D model successfully predicts the results and mechanism of CO2/synthetic oil displacement 
process. This formed the basis of performing 1D simulation in the current study to determine the displacement efficiency from 
CWI and other processes. 
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SPE-22599-MS 
 
Three-Phase Relative Permeability of Intermediate–Wet Berea Sandstone 
 
Authors: M.J. Oak 
 
Contributions to CO2 and carbonated water injection: 
 
The paper describes an experimental method to determine 3-phase relative permeability with fewer experiments than earlier 
methods. It also showed that the Stone II model predicted 3-phase relative permeabilities better than Stone-I for intermediate 
wet rocks. 
 
Objective of the paper: 
 
The paper had two objectives: 
1. To introduce an easy method for direct 3-phase relative permeability measurements in the laboratory and compare the 
results with Stone’s correlations. 
2. To present a set of three-phase relative permeability data for the intermediate wet rocks as most previous studies were 
limited to water-wet rocks. 
 
Methodology used: 
 
A Berea Sandstone core was treated with a wetting agent to alter the wettability of the rock. Dodecane was used as the oil in 
the experiments. The steady state relative permeability measurements were conducted during simultaneous injection of water, 
oil and gas such that the ratio of water to oil flow rate was constant thus reducing the 3-phase test to 2-phase test. The tests 
were conducted for both, increasing and decreasing gas saturations. Due to constant flow rate ratio, the relative permeability 
ratio of two phases is also constant reducing the test to a single variable system reducing the additional tests required for three 
phase relative permeability. 
 
Conclusions reached: 
 
1. The laboratory method described makes it easy for the 3-phase relative permeability measurements to be conducted 
and requires only a few additional experiments over the 2-phase measurements. 
2. Both Stone’s models provide significant disagreement with the experimental results but the error in Stone II 
predictions is much less compared to Stone I. 
 
Comments: 
The paper provided a new set of 3-phase relative permeability data for the intermediate wet rocks. Field A being an 
intermediate wet rock system, the Stone II model was used for the simulation purposes. 
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SPE-20278-PA 
 
Effects of CO2 Solubility in Brine on Compositional Simulation of CO2 Floods 
 
Authors: R.M. Enick, S.M. Clara 
 
Contributions to CO2 and carbonated water injection: 
 
Shows that as aqueous phase increases (either WAG ratio or Swc) the CO2 flood recovery decreases. Also considers the effect 
of dissolved solids on CO2 solubility. 
 
Objective of the paper: 
 
The paper aimed at correlating the effects the presence of an aqueous phase has on the CO2/hydrocarbons phase behavior and 
incorporate these into a reservoir simulator for evaluating their impact on CO2 flood performance. 
 
Methodology used: 
 
Simulations of the different CO2 EOR processes (continuous CO2 injection, WACO2 and CO2 slugs) were conducted on a 1D 
model using a compositional simulator modified for accounting the effects of brine on CO2 solubility and viscosity and density 
of aqueous phase. Three different simulation runs were conducted for the cases in which 
1. CO2 solubility was ignored 
2. CO2 solubility same as that in distilled water 
3. CO2 solubility corrected for the dissolved solids in brine using Henry’s law and an empirical correlation 
 
Conclusions reached: 
 
1. Very small changes in recovery were observed for continuous CO2 injection on considering the CO2 solubility. 
2. Recovery decreased significantly when the CO2 slugs or WACO2 processes on considering the CO2 solubility. The 
reduction becomes more significant as the brine is decreased, CO2 slug size is reduced, WACO2 ratio is increased or 
initial water saturation is increased. 
3. The changes in aqueous phase viscosities and densities was not significant. 
 
Comments: 
This paper proved the need for considering the effects of CO2 solubility in brine to get more accurate results from the 
compositional simulation. 
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SPE-89359-PA 
 
Improved MMP Correlations for CO2 Floods Using Analytical Gasflooding Theory 
 
Authors: H. Yuan, R.T. Johns, A.M. Egwuenu, B. Dindoruk 
 
Contributions to CO2 and carbonated water injection: 
 
Provides a correlation for MMP determination for pure and impure CO2 injection systems and compares it with the existing 
correlations (Glaso, Cronquist, Holm & Josendahl, Yellig & Metcalfe) and available simtube experiment results. 
 
Objective of the paper: 
 
The paper presents new correlations for the calculation of MMP for oil displacement by pure and impure CO2 injection using 
the analytical theory for MMP determination from the EOS. 
 
Methodology used: 
 
MMPs were calculated using analytical theory for multicomponent multiphase flow for a number of reservoir fluid 
characterizations, reservoir temperatures and injection gas composition. The correlations were then developed by regression of 
the MMP values calculated. Thereafter, the MMPs from these new correlations were compared with the estimates from 
existing correlations and results of 41 slimtube experiments. 
 
Conclusions reached: 
 
1. The correlation developed for pure CO2 injection was more accurate than most of the earlier correlations and is valid 
for very high reservoir temperatures. 
2. The MMP correlation developed for the impure CO2 is valid for methane concentration upto 40% and accounts for 
different reservoir fluids and temperatures. The MMP increases as the methane content in the injection gas increases. 
 
Comments: 
The analytical theory used for MMP calculations is more accurate than other methods employed for MMP determination. The 
new correlations are more accurate than existing correlations. 
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SPE-139667-MS 
 
Tertiary Oil Recovery and CO2 Sequestration by Carbonated Water Injection (CWI) 
 
Authors: N.I. Kechut, M. Sohrabi, M. Riazi, M. Jamiolahmady 
 
Contributions to CO2 and carbonated water injection: 
 
1. Identifies oil swelling, viscosity reduction and wettability alteration as primary mechanism for enhanced oil recovery 
using CWI. 
2. Shows that the current simulators with immediate equilibrium between aqueous and oil phases cannot adequately 
model the CWI process at core scale. 
3. Core experiments show higher CO2 storage in reservoir compared to immiscible CO2 flood. 
 
Objective of the paper: 
 
The paper integrated the results of a high pressure flow visualization and coreflooding experiments with the 1D compositional 
simulation to evaluate the CWI process for its EOR and CCS potential. 
 
Methodology used: 
 
A North Sea crude oil was used for the study. High pressure micromodel rigs were used for the flow visualization experiment 
in which the micromodel was water wet. For coreflooding studies, a North Sea sandstone oil reservoir core was taken and the 
experiments conducted in a high pressure high temperature coreflood rig. For coreflooding and micromedel studies, the oil was 
first displaced by water until no more oil was produced after which CWI was started. A 1D fully compositional model was 
prepared assuming homogeneous porosity and permeability distribution to simulate the tertiary CWI process. 
 
Conclusions reached: 
 
1. The flow visualization experiments establish oil swelling due to diffusion of CO2 from the carbonated water to oil as 
the main mechanism for EOR using CWI. This caused the oil droplets to coalesce and the redistribution of the water 
to other pores resulting in better sweep efficiency. The viscosity reduction and wettability alteration of the rock 
surface were the other mechanisms observed. 
2. Tertiary CWI resulted in higher recovery than the secondary WF. It also established CWI as an efficient CCS method 
with 46% of the injected CO2 stored in the core at the end of experiment. 
3. The instantaneous equilibrium and complete mixing assumptions of the compositional simulators do not account for 
molecular diffusion and convection of CO2 leading to overprediction of the recovery from 1D numerical simulation 
compared to the coreflood experiments. 
 
Comments: 
This paper enhances the understanding of the displacement mechanisms resulting from the CWI. It also highlights the 
inadequacies of the existing simulators in accurately modeling the process. However, for the field scale studies, the molecular 
diffusion is not likely to have a major impact on the final results. 
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SPE-145380-MS 
 
Experimental Investigation of Carbonated Water Flooding 
 
Authors: Y. Dong, B. Dindoruk, C. Ishizawa, E. Lewis, T. Kubicek 
 
Contributions to CO2 and carbonated water injection: 
 
1. Summarises the findings and insufficiencies of the research conducted till date on CWI 
2. Shows that high flooding rates for core-flood experiments should be avoided for better scaling to field level. 
 
Objective of the paper: 
 
The paper presents the results of the CWI coreflood experiments conducted on the unconsolidated sands under tertiary and 
secondary CWI with different flooding rates and compares the results from these experiments using dimensionless scaling 
numbers.  
 
Methodology used: 
 
The sand packs were saturated with a Gulf of Mexico dead oil to 100% saturation. The deionised (DI) water and the CO2 
saturated DI water were used for the flooding studies. The sand packs were divided into 4 groups on the basis of the flooding 
rates. In each group, two runs were conducted, secondary and tertiary CWI. The experimental conditions of 600 psig ressure 
and 100⁰F were same for all the experiments runs conducted. 
 
Conclusions reached: 
 
1. In tertiary CWI, the oil droplets shielded by water were remobilized leading to incremental recovery. When applied as 
tertiary process, the CWI provided higher recovery compared to the WF for same PV injection. 
2. Overflooding of the sand packs occur at very high displacement rates resulting in high recoveries due to artificially 
low residual oil saturations. 
 
Comments: 
Many experiments conducted till date on CWI have used very high flooding rates resulting in highly optimistic results. This 
must be accounted for the future studies of the process. 
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JPSE-2011-75 
 
Theoretical Investigations of Pore-Scale Mechanisms of Carbonated Water Injection 
 
Authors: M. Riazi, M. Jamiolahmady, M. Sohrabi 
 
Contributions to CO2 and carbonated water injection: 
 
1. Develops a mathematical model for mechanism of oil recovery in CWI at the pore scale. The model is verified by 
simulating the results of Campbell and Orr’s experiments. 
2. Shows that partition and diffusion coefficients have a significant impact on the residual oil saturation reduction. 
 
Objective of the paper: 
 
The main objective of the paper was to develop a mathematical model that describes the swelling of isolated oil ganglion due 
to the diffusion of CO2 from the carbonated water at the pore scale. It also presents the impact of parameters related to this 
process. 
 
Methodology used: 
 
The governing equations for the model were developed assuming an ideal mixture, neglecting capillary force effect on 
interface and equilibrium between oil, water, CO2 and carbonated water at the interface. The CO2 diffusion coefficients were 
assumed constant throughout the diffusion process and change in water volume due to diffusion was neglected. The governing 
equations were then solved using numerical techniques and the model was validated by comparing the results with the 
experiments of Campbell and Orr. Further sensitivity studies were done to determine the effect of pertinent parameters on the 
oil swelling. The following two scenarios were studied: 
1. Oil surrounded by carbonated water (can represent secondary CWI) 
2. Oil is separated from the carbonated water by a water film (can represent tertiary CWI) 
 
Conclusions reached: 
 
1. The developed model predicted the results from Campbell and Orr’s experiments with reasonable accuracy. 
Dimensional analysis was used to develop a more representative relationship. 
2. The CO2 concentration at the oil water interface, the CO2 water-oil partition coefficient, the diffusion coefficient of 
CO2 and the water film length separating the oil and carbonated water were found to highly affect the time taken for 
achieving the equilibrium. 
 
Comments: 
The molecular diffusion of CO2 plays a significant role in determining recovery at pore scale but at is probably not significant 
at the field scale. The other parameters will affect the recovery at the field scale.  
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SCA-2012-05 
 
Improved Oil Recovery and Injectivity by Carbonated Water Injection (CWI) 
 
Authors: M. Sohrabi, M. Tavakolian, A. Emadi, M. Jami, S. Ireland 
 
Contributions to CO2 and carbonated water injection: 
 
1. Core experiments to compare the final recovery from tertiary and secondary CWI 
2. Shows that the water breakthrough is delayed and injectivity is improved in secondary CWI. 
 
Objective of the paper: 
 
The paper presented the results of a series of coreflood experiments conducted on the consolidated sandstone cores using crude 
and synthetic seawater for evaluating the tertiary and secondary CWI processes. 
 
Methodology used: 
 
Tertiary and secondary CWI flooding process were evaluated under reservoir conditions (2500 psia and 100⁰F). The synthetic 
seawater was used for normal WF and a completely saturated brine was used for CWI. The carbonation of water was done in a 
rocking cell until a stable pressure was achieved. The crude oil used for the studies had a viscosity of 8.54 cp and API gravity 
of 28.55. 
 
Conclusions reached: 
 
1. The ultimate recovery in tertiary CWI was higher but the time taken was much longer. 
2. The water breakthrough in the secondary waterflood was delayed compared to conventional waterflood. The volume 
of oil at breakthrough was also higher. 
3. Differential pressures comparisons indicated that the CWI process results in better injectivity compared to the 
conventional WF. 
 
Comments: 
The experiments reproduced the results of previous experiments. However, the paper considered the timelines for the different 
aspects of CWI and WF for comparison. The secondary CWI is commercially more viable than the tertiary WF due to faster 
recovery in a shorter timespan.  The experiments also confirm the observations with regards to injectivity observed in the field 
applications of CWI.  
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Appendix C: MMP Correlations Used 
Holm-Josendal and Cronquist correlations require molecular weight of C5+ components which is calculated using the formula: 
𝑀𝐶5+ = (7864.9/𝐴𝑃𝐼)
(1 1.0386⁄ ) 
 
Cronquist Correlation: 
 
𝑀𝑀𝑃 = 15.988 𝑇(0.744206+0.0011038 𝑀𝐶5++0.0015279 (𝐶1+𝑁2 𝑀𝐹) 
 
Holm-Josendal Correlation: 
 
𝑀𝑀𝑃 = −329.558 + (7.727 𝑀𝐶5+ 1.005
𝑇) − (4.377 𝑀𝐶5+) 
 
Glaso Correlation: 
For mole percent of C2-C6 (PC2-6) < 18%, 
𝑀𝑀𝑃 = 2947.9 − 3.404 𝑀𝐶7+ + 1.7 × 10
−9 𝑀𝐶7+
3.73 𝑒786.8 𝑀𝐶7+
−1.058
 𝑇 − 121.2 𝑃𝐶2−6 
For PC2-6 >18%, 
𝑀𝑀𝑃 = 810 − 3.404 𝑀𝐶7+ + 1.7 × 10
−9 𝑀𝐶7+
3.73 𝑒786.8 𝑀𝐶7+
−1.058
 𝑇 
 
Yuan et. al. Correlations 
Pure CO2 MMP 
𝑀𝑀𝑃𝑃𝑢𝑟𝑒 = 𝑎1 +  𝑎2𝑀𝐶7+ + 𝑎3𝑃𝐶2−6 + (𝑎4 +  𝑎5𝑀𝐶7+ + 𝑎6
𝑃𝐶2−6
𝑀𝐶7+
) 𝑇 + (𝑎7 +  𝑎8𝑀𝐶7+ + 𝑎9𝑀𝐶7+
2 + 𝑎10𝑃𝐶2−6)𝑇
2 
 
Impure CO2 MMP 
𝑀𝑀𝑃𝑖𝑚𝑝
𝑀𝑀𝑃𝑃𝑢𝑟𝑒
= 1 + 𝑚(𝑃𝐶𝑂2 − 100) 
 
𝑚 = 𝑎1 + 𝑎2𝑀𝐶7+ +  𝑎3𝑃𝐶2−6 + (𝑎4 +  𝑎5𝑀𝐶7+ + 𝑎6
𝑃𝐶2−6
𝑀𝐶7+
) 𝑇 + (𝑎7 +  𝑎8𝑀𝐶7+ +  𝑎9𝑀𝐶7+
2 +  𝑎10𝑃𝐶2−6)𝑇
2 
 
Table C 1: List of Yuan et. al. correlation coefficients 
Coefficients Pure CO2 Impure CO2 
a1 -1.4634E+03 -6.5996E-02 
a2 6.6120E+00 -1.5246E-04 
a3 -4.4979E+01 1.3807E-03 
a4 2.1390E+00 6.2384E-04 
a5 1.1667E-01 -6.7725E-07 
a6 8.1661E+03 -2.7344E-02 
a7 -1.2258E-01 -2.6953E-06 
a8 1.2883E-03 1.7279E-08 
a9 -4.0152E-06 -3.1436E-11 
a10 -9.2577E-04 -1.9566E-08 
 
Nomenclature: 
MC5+ Molecular weight of C5+ components 
API API gravity of crude 
T Reservoir temperature in ⁰F 
C1+N2 MF Mole fraction of methane and nitrogen 
MC7+ Molecular weight of C7+ components 
PC2-6 Mole percent of C2-C6 components 
PCO2 Mole percent of CO2 
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Appendix D: 1D Buckley-Leverett Analysis and WAG Ratio determination 
 
Rock Type 1 
 
 
Fig. D 1: Rock type 1 Buckley-Leverett analysis 
 
 
 
Fig. D 2: Rock Type 1 optimum WAG ratio determination 
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Rock Type 2 
 
 
Fig. D 3: Rock type 2 Buckley-Leverett analysis 
 
 
 
Fig. D 4: Rock type 2 optimum WAG ratio determination  
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Appendix E: 1D Simulation Model Details and Analysis 
 
 
Table E 1: Summary of the 1D model properties 
Property X Y Z 
Dl (ft) 10 10 10 
NI 50 1 1 
LI (ft) 500 10 10 
Permeability (mD) 500 500 50 
Porosity (%) 25 
Reservoir Pressure (psia) 1900 
Reservoir Temperature (⁰F) 156 
Connate Water Saturation (%) 15 
 
 
Table E 2: Summary of the 1D model constraints 
Constraint Value 
Producer BHP (psia) 500 
Injector BHP (psia) 2500 
Maximum injection rate (bbl/day) 6.1 
Maximum oil rate (bbl/day) 5 
VRR 1 
WAG/CO2 cycle duration (days) 180 
 
 
 
 
Fig. E 1: Comparison of 1D model recovery from CO2 and produced gas recycling with WF recovery 
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Fig. E 2: Comparison of 1D model recovery from WAG and WACO2 processes with WF recovery 
 
 
 
Fig. E 3: Comparison of 1D model recoveries from CWI and aqueous produced gas injection with WF 
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Fig. E 4 1D model recovery from CWI process using the STARS (thermal simulator) and GEM (compositional) 
 
 
 
Fig. E 5: Viscosity trends in CWI and WF. CWI process results in oil viscosity reduction. 
 
 
 
Significant oil viscosity reduction is 
observed in the CWI process. WF oil 
viscosity increases with time whereas CWI 
oil viscosity remains lower than initial oil 
viscosity. 
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Fig. E 6: Oil swelling and lower residual oil saturation observed in CWI compared to WF. 
 
 
 
 
Fig. E 7: The amount of CO2 in the reservoir increases as the injection volume increases indicating efficient CO2 storage by 
the CWI process. 
  
Oil swelling effect observed due to CO2 diffusion 
from carbonated water to oil 
Lower residual oil saturation in CWI than WF 
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Appendix F: 3D Sector Model Details and Analysis 
 
The field A under study is highly faulted on the southern side. The sector was cut from the full-field model such that the 
geological heterogeneities, mainly faults have no impact on the sector model study while also maintain the lateral extent of the 
reservoir from the oil water contact to the cap rock. Keeping these points under consideration, the sector model was cut out 
from the full field model as shown in figure below. 
 
 
 
 
Fig. F 1: Sector model selection from the full-field model 
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Fig. F 2: Recovery and production profiles for the edge WF and CWI cases. 
 
 
 
Fig. F 3: Comparison between the amount of CO2 required for the CWI and the amount of CO2 produced for edge CWI. 
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Fig. F 4: Recovery and production profiles for the 5-spot WF and CWI cases. 
 
 
 
Fig. F 5: Comparison between the amount of CO2 required for the CWI and the amount of CO2 produced for 5-spot CWI 
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Fig. F 6: Recovery and production profiles for the inverted 9-spot WF and CWI cases. 
 
 
 
Fig. F 7: Comparison between the amount of CO2 required for the CWI and the amount of CO2 produced for inverted 9-spot 
CWI. 
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Fig. F 8: Recovery and production profiles for the crestal gas injection supported by edge and 5-spot WF. 
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Appendix G: Full-field Model Analysis 
 
 
Fig. G 1: Recovery and production profiles for the edge WF and CWI cases. 
 
 
 
 
Fig. G 2: Comparison between the amount of CO2 required for the CWI and the amount of CO2 produced for edge CWI from 
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the expected start of the process. 
 
 
 
Fig. G 3: Recovery and production profiles for the 5-spot WF and CWI cases. 
 
 
Fig. G 4: Comparison between the amount of CO2 required for the CWI and the amount of CO2 produced for 5-spot CWI from 
the expected start of the process. 
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Fig. G 5: Recovery and production profiles for the inverted 9-spot WF and CWI cases. 
 
 
 
Fig. G 6: Comparison between the amount of CO2 required for the CWI and the amount of CO2 produced for inverted 9-spot 
CWI from the expected start of the process.  
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Appendix H: Uncertainty and Sensitivity Analysis 
 
Table H 1: Summary of the pertinent parameters for sensitivity analysis and their ranges 
Parameter Low Value Base Value High Value 
Water Corey exponent 1.5 2.5 3.5 
Water end point relative permeability (mD) 0.5 0.6 0.7 
Oil end point relative permeability (mD) 0.85 0.92 0.95 
Oil Corey exponent 3 4 7 
CO2 solubility (scf/bbl injected water) 50 120 135 
Gas Corey exponent 1.3 2 2.5 
 
 
 
 
Fig. H 1: Recovery and production profiles for the P10, P50 and P90 cases for edge CWI. 
